. Purpose: This study tested the hypothesis that the increase in walking economy (i.e., decrease in net metabolic rate per kilogram) after weight loss in obese adolescents is induced by a lower metabolic rate required to support the lower body weight and maintain balance during walking. Methods: Sixteen obese adolescent boys and girls were tested before and after a weight reduction program. Body composition and oxygen uptake while standing and walking at four preset speeds (0.75, 1, 1.25, and 1.5 mIs j1 ) and at the preferred speed were quantified. Net metabolic rate and gross metabolic cost of walking-versus-speed relationships were determined. A three-compartment model was used to distinguish the respective parts of the metabolic rate associated with standing (compartment 1), maintaining balance and supporting body weight during walking (compartment 2), and muscle contractions required to move the center of mass and limbs (compartment 3). Results: Standing metabolic rate per kilogram (compartment 1) significantly increased after weight loss, whereas net metabolic rate per kilogram during walking decreased by 9% on average across speeds. Consequently, the gross metabolic cost of walking per unit of distance-versus-speed relationship and hence preferred walking speeds did not change with weight loss. Compartment 2 of the model was significantly lower after weight loss, whereas compartment 3 did not change. Conclusions: The model showed that the improvement in walking economy after weight loss in obese adolescents was likely related to the lower metabolic rate of the isometric muscular contractions required to support the lower body weight and maintain balance during walking. Contrastingly, the part of the total metabolic rate associated with muscle contractions required to move the center of mass and limbs did not seem to be related to the improvement in walking economy in weight-reduced individuals. Key Words: OBESITY, ENERGY EXPENDITURE, METABOLIC RATE, GAIT BALANCE, THREE-COMPARTMENT MODEL W alking is a convenient form of daily physical activity recommended for weight management. However, for obese individuals, walking may be an exhausting task requiring a considerable fraction of an individual's maximal aerobic capacity (V O 2max ), reaching È56% at self-selected walking speeds (20). This high fraction of (V O 2max in obese individuals during walking is due to reductions of both relative aerobic capacity per kilogram of total body mass (V O 2max/kg ) (20,28) and walking economy (4, 16, 25) . Walking economy is generally represented by the net metabolic rate per kilogram during walking (metabolic rate above resting (WIkg j1 )) at a given speed, good economy being associated with a low net metabolic rate during walking and vice versa. After weight loss, both (V O 2max/kg and walking economy improve, but the underlying mechanisms of the increase in walking economy (i.e., decrease in net metabolic rate per kilogram) remain unclear (9, 10, 14) .
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The main hypotheses advanced to explain the decrease in net metabolic rate per kilogram during walking after weight loss were due to an increase in relative strength (14) , an increase in efficiency of muscle mechanical work (26) , and decreased isometric muscular contractions required to support body weight and maintain balance during walking (24) . In the latter study, the authors have shown that after weight loss, some changes in the walking pattern were related to the decrease in net metabolic rate during walking. These changes included a decrease in the kinetic energy associated with mediolateral motion (e.g., lateral stability) as well as a decrease in biomechanical parameters associated with body weight support. Furthermore, these changes did not induce an increase in the external mechanical work required to lift and accelerate the center of mass. Therefore, the results of Peyrot et al. (24) support the hypothesis that the decrease in net metabolic rate per kilogram during walking after weight loss may be due to a decrease in the metabolic rate of the isometric muscular contractions required to support body weight and maintain balance at each step rather than to a decrease in the metabolic rate associated with muscle contractions required to move the center of mass and limbs.
To further investigate the causes of this decrease in net metabolic rate during walking after weight loss in obese adolescents, there are theoretical models that can quantify and distinguish the possible sources of metabolic rate (17, 30) . Malatesta et al. (17) used a three-compartment model derived from a study by Workman and Armstrong (30) to investigate the causes of the greater metabolic rate during walking in healthy elderly versus young adults. This model differentiates the metabolic rate while walking into three compartments: standing metabolic rate (compartment 1), metabolic rate associated with maintaining balance during walking (compartment 2), and metabolic rate associated with muscle contractions required to move the center of mass and limbs (compartment 3). The model of Workman and Armstrong (30) has been derived to better assess the differences in metabolic rate between static balance with double support during standing and dynamic balance in single support, which is metabolically more costly (17) . The new compartmentalization of the three-compartment model proposed by Malatesta et al. (17) tended to be correlated with gait instability (P = 0.07) and hence with muscle contractions required to maintain balance during walking. However, we proposed that compartment 2 of the model of Malatesta et al. represents not only the metabolic rate to maintain balance but also the metabolic rate to support body weight during walking. Indeed, during the single-limb support phase of walking, energy-consuming isometric contractions are necessary to both maintain balance and support body weight because the knee joint is not locked in extension such as during standing (13, 22, 27) . Therefore, this could explain why compartment 2 of the model of Malatesta et al. (17) was not significantly and highly correlated with gait instability (P = 0.07). This model offers an interesting tool for investigating the causes of the decrease in net metabolic rate (per kilogram) during walking after weight loss in obese individuals. We hypothesized that in obese adolescents, the decrease in net metabolic rate during walking after weight loss could be induced by the lower metabolic rate required to support the lower body weight and maintain balance.
The aim of this study was to determine whether the decrease in net metabolic rate during walking after weight loss in obese adolescents was due to the lower metabolic rate of the isometric muscle contractions required to support the lower body weight and maintain balance during walking. To this aim, we measured the metabolic rate of overground walking at different speeds before and after a weight loss program in obese adolescents.
METHODS
Participants. The present study included 16 obese adolescents (7 boys and 9 girls) who were involved in an obesity management program in the Children's Medical Center of Romagnat (Centre Médical Infantile), France. None of them was regularly practicing any sport activity or receiving any medication that could interfere with their walking pattern or influence their energetic metabolism. The main inclusion criteria were age between 12 and 16 yr and body mass index (BMI (kgIm j2 )) above age-and gender-specific cutoff points for obesity as defined by Cole et al. (7) .
Subjects were housed at the medical center (except during weekends, which were spent at home) where they underwent a 12-wk voluntary weight reduction program including nutritional education, caloric restriction, and physical activities. The latter consisted of 40-min sessions of aerobic fitness, strength training, and supervised free practice per week. Diet composition was formulated according to the French-recommended dietary allowances (19) , and on average, subjects lost 1 kg of total body mass per week before a stabilization phase that lasted about 2 wk before leaving the center. The physical characteristics of the subjects before and after weight loss are presented in Table 1 .
Information on the objective of the trial was provided to the adolescents and their parents, and signed written informed consent was obtained from both. This study was approved by the regional ethics committee and performed in accordance with the Declaration of Helsinki II.
Experimental procedures. Subjects were tested twice in the same conditions: the first test was done before weight loss on the first or second day of the obesity management program, and the second was done during the last week of the stabilization phase. Body composition was assessed on the day of each test or on the day before.
For each subject, the standing rates of oxygen uptake (V O 2 ) and carbon dioxide production (V CO 2 ) were first measured for 10 min. Then, all subjects performed five 4-min tests, walking along an athletic track lane (with two straight lines of 25 m), at different walking speeds (0.75, 1, 1.25, and 1.5 mIs j1 and preferred walking speed) in a randomized order, separated by 5 min of rest. The slope of Values are presented as mean T SD. * Significant difference between before and after weight loss program (P G 0.05). M, male; F, female; LBM, lean body mass (the mass of nonbone lean tissue); WLP, weight loss program.
the track was tested every 1 m and ranged from j0.5% to +0.5%. The walking speed was controlled with markers set out every 5 m along the track, and subjects were instructed to walk past the markers at a pace imposed by a metronome tone. An experimenter walked alongside each subject to help him/her match the required speed. Preferred walking speed was determined by measuring the time required to walk 15 m over the central 25-m part of the straight lines during the 4-min test. The preferred walking speed was calculated as the mean of the last five measures of preferred speed. Metabolic parameters of walking were measured with a portable device carried by subjects around their chest. Assessment of body composition. Total body fat and lean body mass (the mass of nonbone lean tissue) were measured by dual-energy x-ray absorptiometry (QDR 4005; Hologic, Inc., Bedford, MA). Percentage of total body fat was calculated by dividing total body fat mass by total body mass. For all subjects, stature was measured to the nearest 0.5 cm using a standardized wall-mounted height board, and BMI was calculated as body mass divided by height squared.
Assessment of metabolic parameters. V O 2 (mLImin j1 ) and V CO 2 (mLImin j1 ) were measured using a breath-by-breath portable gas analyzer (K4b 2 ; COSMED srl, Rome, Italy) that weighed less than a kilogram and recorded and stored the data for the entire session for each subject. The K4b 2 unit, previously validated by Duffield et al. (11), was calibrated with standard gases before each session. Average V O 2 and V CO 2 were calculated during 30 s taken during the last minute of each trial where V O 2 and V CO 2 were stable within T10%. Gross metabolic rate (W) during walking for each 4-min test and standing metabolic rate (W) were assessed from the steady-state V O 2 and V CO 2 using Brockway's (3) standard equation. The RER values were G1.0 for all subjects at each trial, indicating that energy was supplied primarily by oxidative metabolism in all test conditions. Standing metabolic rate (W) was calculated during the last 4 min of the 10 min measured in the standing position, then divided by body mass to obtain the normalized standing metabolic rate (WIkg j1 ). Gross metabolic rate during walking was divided by body mass to obtain the normalized gross metabolic rate (WIkg j1 ) during walking and, finally, by walking speed (mIs j1 ) to obtain the normalized gross metabolic cost of walking (C W (JIkg j1 Im j1 )). Normalized gross C W was calculated because Browning and Kram (5) have shown that preferred walking speed corresponds to the minimum gross C W value in obese adults. Finally, normalized net metabolic rate (WIkg j1 ) during walking was calculated by subtracting the normalized standing metabolic rate from the normalized gross metabolic rate during walking.
Normalized gross metabolic rates (WIkg j1 ) for walking at different speeds were used to calculate the characteristics of individual three-compartment models. From the data of each subject, the linear regression equations ( y = ax + b) of the normalized gross metabolic rate during walking ( y) versus squared walking speed (x) were calculated, with a as the slope and b as the y intercept (17, 30) . Malatesta et al. (17) define the three-compartment model derived from that of Workman and Armstrong (30) as follows: compartment 1 is the normalized standing metabolic rate; compartment 2, calculated by subtracting the normalized standing metabolic rate from b, theoretically represents the metabolic rate associated with maintaining balance and supporting body weight at zero walking speed; and compartment 3 is described by the constant a and represents the metabolic rate associated with muscle contractions required to move the center of mass and limbs.
Statistical analysis. Normal distribution of the data was checked by the Shapiro-Wilk normality test. Variance homogeneity between samples was tested by the Snedecor F-test. All variables were normally distributed, and variances were homogeneous. A two-way (period and speed) ANOVA with repeated measures was used to determine the effects of the period (before and after the weight reduction program), speed, and their interaction (period Â speed) on mean normalized gross C W and normalized net metabolic rate during walking. When an effect was identified, a Newman-Keuls post hoc test was performed to locate differences between conditions.
Linear regression analyses of normalized gross metabolic rate during walking versus squared walking speed were performed on the data of each subject. The equations of the linear regressions were calculated. The three compartments of the model were then compared before versus after weight loss with paired t-tests. The criterion for statistical significance was set at P G 0.05. 
RESULTS
The 12-wk voluntary weight reduction program was effective, as shown in Table 1 . For instance, the mean weight loss was 5.5 kg (6% of body weight). Lean body mass did not change significantly with weight loss (P = 0.81; Table 1 ), whereas fat mass was reduced (P G 0.05) by 15%.
There was no significant difference in metabolic parameters between obese boys and girls, and no significant effect of sex was found for changes in metabolic parameters between before and after weight loss. Consequently, data of girls and boys have been pooled.
Gross metabolic cost of walking and preferred walking speed. Preferred walking speed did not change with weight loss (1.25 T 0.14 vs 1.24 T 0.15 mIs j1 before and after weight loss, respectively; P = 0.77). Obese adolescents preferred to walk at the speed at which their gross metabolic cost of walking (C W (JIkg j1 Im j1 )) was nearly minimized (Fig. 1) . Gross C W at preferred and preset walking speeds did not change significantly after weight loss despite an increase in standing metabolic rate (per kilogram) after weight loss (P G 0.05; Table 1 ).
Net metabolic rate during walking. After weight loss, the mean net metabolic rate per kilogram of body mass during walking decreased by 9% on average across speeds (P G 0.05; Fig. 2 ). There was no significant effect of speed on the decrease in net metabolic rate during walking (P = 0.45). Post hoc analyses showed a significant decrease in net metabolic rate per kilogram while walking at all preset speeds (P G 0.05) but not at the preferred walking speed (3.41 T 0.6 vs 3.34 T 0.9 WIkg j1 before and after weight loss, respectively; P = 0.48).
Three-compartment model. Coefficients of determination (r 2 ) of the individual linear regressions for gross metabolic rate (WIkg j1 ) during walking-versus-squared speed relationships ranged from 0.88 to 0.99 for all subjects. All correlations were significant (P G 0.05). Variables of the three-compartment model are presented in Table 2 , and a graphical display of the model is presented in Figure 3 . The constants a and b are the coefficients of the model equation y = ax + b, where y is the gross metabolic rate (WIkg j1 ) during walking and x is the squared speed FIGURE 3-Three-compartment model analysis for obese adolescents before and after weight loss. Open circles are mean T SD values of gross metabolic rate during walking as a function of squared walking speed before and after weight loss. Compartment 1 is standing metabolic rate. Compartment 2 is metabolic rate associated with supporting body weight and maintaining balance during walking. Compartment 3 is metabolic rate associated with muscle contractions required to move the center of mass and limbs. *Significant differences (P G 0.05) between before and after weight loss at a given speed.
((mIs j1 ) 2 ) for obese adolescents before and after weight loss. Constant a, the actual metabolic rate associated with muscle contractions required to move the center of mass and limbs (compartment 3), did not change with weight loss (P = 0.63). Constant b, the sum of the metabolic rates associated with standing (compartment 1) and maintaining balance and supporting body weight during walking (compartment 2), did not change with weight loss either (P = 0.51). However, compartment 2 significantly decreased after weight loss (P G 0.05; Table 2 ).
DISCUSSION
The main result of this study was that after weight loss, the decrease in net metabolic rate per kilogram of body mass during walking in obese adolescents was due to a lower metabolic rate related to maintaining balance and supporting body weight during walking.
Net metabolic rate during walking. The decrease in net metabolic rate per kilogram of body mass during walking in obese adolescents after weight loss (i.e., greater decrease in net metabolic rate in watts per kilogram than in body mass) was consistent with the results of previous studies undertaken in obese adults (10, 14) . In the present study, net metabolic rate (W) during walking decreased by 14.6% T 14.8%, whereas body mass decreased by 6.0% T 2.2%, which induced a 9.2% T 15.2% decrease in normalized net metabolic rate (WIkg j1 ) during walking on average across speeds (Fig. 2) . Furthermore, Hunter et al. (14) have shown a 7.3% decrease in net metabolic rate per kilogram during walking after a weight loss induced by a hypocaloric diet and resistance training, which is similar to our results. However, post hoc analyses showed in the present study only a decrease at preset walking speeds and not at the preferred walking speed. This unexpected result could be due to methodological limits. Indeed, despite a similar mean value for the group, individual preferred walking speeds changed between before and after weight loss. This phenomenon has induced a high SD in the changes in net metabolic rate during walking with weight loss at this preferred walking speed. For instance, net metabolic rate during walking at 1.5 mIs j1 decreased by 6.0% with an SD of 11.0%, whereas net metabolic rate during walking at preferred walking speed did not significantly change (j1.2%) but had an SD of 24.8%. To avoid this issue, we should have measured net metabolic rate during walking after weight loss at the same speed that corresponded to the preferred walking speed before weight loss. We assume that this result represents a measurement artifact induced by a methodological limit more than a true result.
Gross metabolic cost of walking. The U-shaped gross metabolic cost of walking (C W (JIkg j1 Im j1 ))-versusspeed relationships obtained before and after weight loss were not significantly different. This similarity could not be further discussed because, to our knowledge, no such relationships (both before and after weight loss) have been reported in previous studies. However, contrary to our results, a slight decrease in gross C W (per kilogram) at a given speed (È4% at 1.34 mIs j1 ) has been reported after a weight loss induced by a hypocaloric diet and resistance training (14) , yet there was no change in gross C W when weight loss was induced by a hypocaloric diet alone (12, 14) . In the present study, the similarity of the U-shaped gross C W -versus-speed relationships before and after weight loss was primarily due to the greater standing metabolic rate (per kilogram) after weight loss that offset their lower net metabolic rate during walking. The increase in standing metabolic rate per kilogram after weight loss was likely resulting from the decrease in fat mass (i.e., nonmetabolically active tissue), whereas lean body mass did not change. Indeed, when expressed in watts or in watts per kilogram of lean mass, standing metabolic rate did not change with weight loss (Table 1 ). This result is consistent with those of Browning et al. (4) and Browning and Kram (5), who showed that when standing metabolic rate is expressed per kilogram of lean mass, the difference between obese and normal-weight individuals disappears, which suggests that lean body mass is the primary determinant of the standing metabolic rate.
However, the finding that gross C W per kilogram was unchanged although net metabolic rate per kilogram during walking did change suggests that weight-reduced obese individuals do not have to alter exercise (increase intensity and/or duration) to expend an equivalent amount of energy relative to body weight.
Mean preferred walking speed. For each individual, mean preferred walking speed did not change with weight loss and was close to the speed minimizing gross C W . Before weight loss, the mean value of preferred walking speed in the obese adolescent population tested was similar to what is usually reported for obese adults (È1.2 mIs j1 ) (18, 20, 21) . However, contrary to our results, Ohrström et al. (23) have shown a lower preferred walking speed before weight loss in obese women and an increase of this preferred speed after a 12-month weight loss induced by vertical banded gastroplasty (from 0.75 to 1.06 mIs j1 , P G 0.05). The discrepancy between these results could be due to methodological differences. Indeed, we measured preferred walking speed outdoors, whereas Ohrström et al. (23) used a treadmill. It has recently been shown that the preferred walking speed determined on a treadmill is lower than the one determined over ground (8) . The authors postulated that walking on a treadmill requires greater balance and coordination, which may result in the slower preferred walking speed observed. Moreover, the subjects of the study of Ohrström et al. (23) were severely obese, which could also explain their much lower preferred walking speeds. Consequently, the increase in preferred walking speed after weight loss reported by Ohrström et al. (23) may be induced by a familiarization with treadmill walking and/or the much higher weight loss experienced by their participants (22% of body weight vs 6% in the present study).
Three-compartment model. The mean value of compartment 3 of the model in the present study is consistent with that obtained by Malatesta et al. (17) in normal-weight subjects. However, it is difficult to compare values of compartments 1 and 2 because Malatesta et al. (17) only presented results of the alternative three-compartment model (where compartment 1 is the standing metabolic rate) for healthy octogenarians. The results for the three-compartment model in the present study showed that compartments 1 and 2 changed significantly after weight loss, whereas compartment 3 did not. As previously discussed, the increase in compartment 1 (standing metabolic rate per kilogram of body mass) was likely resulting from the decrease in fat mass and did not represent an increase in the cost to maintain static balance with double support during standing. This result is supported by the fact that standing metabolic rate did not change with weight loss when expressed in watts. Our objective was to assess the metabolic rate of the isometric muscle contractions required to support body weight and maintain balance during walking before and after weight loss in obese adolescents, using compartment 2 of the three-compartment model. The results of the present study support the hypothesis that the decrease in net metabolic rate during walking after weight loss can be related to fewer muscular isometric contractions required to support the lower body weight and maintain balance during walking. These results support those of our recent study (24) in which we showed that the decrease in net metabolic rate during walking after weight loss was correlated with lower fluctuations in kinetic energy required to stabilize the center of mass in the mediolateral direction. This could have induced a lower level of muscle activation and cocontraction of antagonist muscles for stabilizing the center of mass during mediolateral motions, especially during the single-limb support phase (24) . In addition, because lean body mass did not change, weight loss could have induced a decrease in the cost of supporting body weight during the single-limb support phase due to an increased relative strength of our weight-reduced subjects. This increase in relative strength could require a lower relative intensity for walking at a given speed and, in turn, reduced muscle activation and fast glycolytic fibers recruitment to support body weight (14, 26) . These fibers have been shown to be less economical than slow oxidative ones, especially when they are forced to shorten at less than optimal velocity, i.e., the velocity at which maximum power is developed and efficiency is optimized (1, 15) . Thus, changes in muscle activation and in mediolateral movements of the center of mass after weight loss could explain the decrease in the metabolic rate (per kilogram) of the isometric muscle contractions required to support body weight and maintain balance during walking.
The results also showed that compartment 3, which represents the metabolic rate associated with muscle contractions required to move the center of mass and limbs, did not change with weight loss. This result is consistent with those of previous studies showing a similar external mechanical work (per kilogram) between obese and normalweight subjects (6, 18, 25) and between before and after weight loss (24) . Moreover, we have also shown in a recent study that although weight-reduced individuals walk with narrower lateral leg swing, these reduced walking movements did not lead to a decrease in net metabolic rate during walking (24) . Thus, the present results support the fact that the metabolic rate (per kilogram) associated with muscle contractions required to move the center of mass and limbs did not change with weight loss (24) .
These results could have important practical applications for clinicians. The type of exercise prescription could be recommended from these results for obese individuals to improve walking economy. High-intensity intermittent exercise in addition to continuous exercise, which typically involves repeated brief sprinting at an all-out intensity followed by low-intensity exercise, could induce a greater increase in lower limb muscle strength (2). In turn, increased lower limb muscle strength could allow obese individuals to better stabilize and support their body weight during walking. This could result in a decrease in the metabolic rate (per kilogram) of the isometric muscle contractions required to support body weight and maintain balance during walking. This hypothesis is supported by the results of Hunter et al. (14) , who showed that increasing knee extension strength was positively and independently related to walking economy after weight loss. Moreover, emerging research examining high-intensity intermittent exercise indicates that it may be more effective at reducing subcutaneous and abdominal body fat than other types of exercise (2) . Consequently, weight loss programs including high-intensity intermittent exercise such as cycling in addition to continuous exercise could be effective to improve walking economy and reduce body fat. However, because there are likely considerable risks associated with weight bearing exercises for obese individuals in high-intensity intermittent exercise (risk of acute/ chronic musculoskeletal injury due to greater loads placed on the musculoskeletal system), non-weight bearing exercises such as cycling must be used for such a protocol in obese individuals.
Some methodological limitations should be addressed in this study, such as the normal adolescent development that may have influenced the outcomes of this study. Indeed, adolescents (and especially boys) grew taller during the 12-wk period, which could have interfered with the weight loss program itself. We can reasonably assume that without this growth effect (obviously inevitable), the weight loss program could have induced an even greater decrease in body mass. Moreover, in addition to weight loss, the 1-cm (0.5%) increase in adolescents' average height may have induced changes in their walking mechanics and hence in the metabolic cost of walking. Weyand et al. (29) have recently shown an inverse relationship between mass-specific transport costs and stature. Thus, the increase in height of our subjects could explain part of the improvement in walking economy during the weight loss period. However, we can note that although adolescents grew taller during the 12-wk period, this has not induced any change in subjects' preferred walking speed, which was close to the speed that minimized gross C W .
In conclusion, this study shows that after weight loss, the increase in obese adolescents' walking economy (i.e., decrease in net metabolic rate per kilogram during walking) may be induced by the lower metabolic rate of the isometric muscular contractions required to support the lower body weight and maintain balance during walking. The metabolic rate associated with muscle contractions required to move the center of mass and limbs did not change with weight loss and thus could not be responsible for the increase in walking economy in weight-reduced individuals. Future studies are needed to confirm the relative importance of the metabolic rate required to support body weight and maintain balance during walking in obese and weight-reduced individuals.
